glassy powders has been tried by spark-plasma sintering (SPS) at around the glass transition temperature in order to synthesize a hard magnetic bulk material with a nanocomposite structure. The glassy powders were consolidated into bulk forms with relative densities above 97% by the sintering at 788 K and over. The sample sintered for 420 s at 788 K had a nearly full density of 99.1% and still kept a glassy single phase. The increase in the sintering temperature and time caused crystallization and the formation of Fe 3 B phase. These as-sintered samples exhibited soft magnetic characteristics, but the soft magnetism changed to a hard type by annealing to form Nd 2 Fe 14 B, Fe 3 B and -Fe phases. The remanence, coercivity and maximum energy product for the bulk compact sintered for 420 s at 788 K, followed by annealing for 600 s at 913 K were 1.03 T, 277 kA/m and 83.1 kJ/m 3 , respectively.
Introduction
Nanocomposite Fe-Nd-B magnets consisting of nanoscale hard magnetic Nd 2 Fe 14 B and soft magnetic -Fe and/or Fe 3 B phases are known to exhibit attractive hard magnetic properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] Superior hard magnetic properties in these alloys are caused by an exchange-coupled effect between the hard and soft magnetic phases. In the nanocomposite magnets in the Fe-Nd-B system, two types of Fe-rich compositions around Fe 86 Nd 8 B 6 and B-rich compositions around Fe 78 Nd 4 B 18 have been widely studied. As reported in the respective references, the structure consists mainly of Nd 2 Fe 14 B+-Fe for the former type, and Nd 2 Fe 14 B+Fe 3 B+-Fe for the latter type. [1] [2] [3] [4] [5] [6] [7] [8] [9] The B-rich type alloys have some advantages in comparison with the Fe-rich type: (1) lower Nd contents, (2) lower melting points, and (3) higher glass-forming ability.
The nanocomposite structure has been obtained by crystallization of an amorphous phase and/or by controlling cooling rate during melt-spinning, since the formation of nanoscale structures with highly homogeneous distribution of the constituent phases is necessary for good hard magnetic properties, as is the case for a number of other nanocrystalline materials. However, these processing methods are not always useful to produce a bulk nanocomposite with a full density. A number of studies have previously been carried out on the consolidation of amorphous alloy powders using various techniques: warm extrusion, 10, 11) static high pressure compaction, [12] [13] [14] [15] [16] explosive compaction, 17, 18) and dynamic compaction. 19, 20) In order to synthesize an Fe-rich type nanocomposite magnet, dynamic compaction of amorphous Fe 77 Nd 15 B 8 powders has been tried and an amorphous bulk of 93% density could be obtained. 21) For a B-rich type nanocomposite magnet with the content of Fe 77:5 Nd 4 B 18:5 , similar dynamic compaction has been tried as well. However, the density of resultant amorphous bulk was 85%. 22) In spite of these great efforts, little has been reported about successful results on the formation of amorphous bulk forms exhibiting useful properties. Main difficulty lies in easy crystallization of amorphous alloys during consolidation.
On the other hand, glassy alloys with a large supercooled liquid region before crystallization have been found in many multicomponent systems. 23) Bulk samples of glassy alloys have also been obtained by various casting processes in addition to ribbon and powder forms. Some Fe-and Co-based bulk glassy alloys have been reported to exhibit good soft ferromagnetic properties. [24] [25] [26] Recently, it has been found that some rapidly solidified Fe-Co-Nd-B alloys have a large supercooled liquid region and good hard magnetic properties after crystallization. 27) Further improvements in thermal stability and hard magnetic properties have been achieved by addition of a small amount of Dy.
28) The representative alloy of Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 among the alloy systems has a large supercooled liquid region of over 40 K before crystallization. 29, 30) Its high thermal stability of the supercooled liquid has enabled us to form a bulk glassy alloy by various casting processes. 31) Thick ribbon and bulk rod alloys formed above exhibit good hard magnetic properties after optimum heat treatments. [29] [30] [31] The hard magnetic properties originate from a typical nanocomposite structure consisting of nanoscale hard magnetic Nd 2 Fe 14 B and soft magnetic -Fe and Fe 3 B phases. Therefore the Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 alloy can be concluded to have the further advantage point of much higher glass forming ability so that glass transition and supercooled liquid region can be observed, as well as that of another Brich type nanocomposite magnet alloys. However, the maximum thickness of the bulk metallic glasses has been limited to less than 0.5 mm even for the Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 alloy.
Typical superiority for glassy alloys to amorphous alloys is superplasticity in the supercooled liquid state due to the Newtonian viscous flow which has been reported in some metallic glasses. [32] [33] [34] High diffusivity accompanied by viscous flow in supercooled liquid state is also useful for fabrication of large-scaled bulk samples by consolidation of glassy powders using hot working techniques. It has been reported that Zr-based bulk metallic glasses with high density, =99% and similar strength to the cast samples are fabricated by powder consolidation in the supercooled liquid state. 35, 36) Very recently, a soft magnetic bulk material has also been synthesized by hot-pressing of Co 40 40) Consolidation by SPS has some merits in comparison with hot-pressing: shorter processing cycle time and good temperature controlling. We have previously examined and reported the consolidation behavior of the Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 glassy powders by hot-pressing to synthesize bulk materials with good hard magnetic properties. 41) In this study, we have tried consolidation of the same glassy powder by SPS. This paper presents the consolidation behavior of the glassy powders by SPS at around the glass transition temperature and magnetic properties of the consolidated bulk alloys.
Experimental procedure
Multi-component Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 glassy powders were produced by mechanical crushing of melt-spun glassy alloy ribbons and used for consolidation experiments. The above alloy composition is nominal in mixture. Its master alloy ingot was first prepared by arc melting the mixture of pure metals and boron in an argon atmosphere. The glassy alloy ribbon with a thickness of about 0.02 mm was produced by the melt-spinning technique under an argon gas atmosphere. The glassy alloy ribbon was mechanically crushed using a rotor-milling machine under a nitrogen gas atmosphere. The powders sieved to 45-90 mm were used for the subsequent sintering experiment.
Consolidation of the Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 glassy powder was performed using a spark-plasma sintering system. The powders were pressed under a pressure of 300 MPa in a WC die (sintered with about 9 wt% Co as the sintering aid) with inner diameter of 20 mm. Graphite sheets were used for sealing of the powders to prevent reactions between the WC hard metal and powder. The die set under application of the pressure was heated by the pulsating current under vacuum and kept at each sintering temperature.
The density of the sintered compacts was measured by the Archimedean method using toluene. The density of the ribbon was determined as 7.58 Mg/m 3 for the Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 glassy alloy. The glassy and crystallized structures were examined by X-ray diffraction (XRD). The thermal stability associated with glass transition and crystallization was examined by differential scanning calorimetry (DSC) at the heating rate of 0.67 K/s. The annealing treatment was made in evacuated quartz tubes for 600 s at various temperatures. Magnetic properties of remanence and coercive force were measured using a vibrating sample magnetometer (VSM) in a maximum applied field of 1256 kA/m at room temperature.
Results
The Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 glassy powders were sintered for 60 s at 763, 788 and 813 K, since the glass transition of the Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 glassy alloy is about 800 K. At the sintering temperature of 788 K, experiments with different sintering times were performed. A sintering experiment for 420 s at 800 K was also performed. Figure 1 shows the relative densities of the compacts sintered at various conditions. The relative densities are expressed in percentage against the glassy ribbon density. The relative density of the compacts held for 60 s at each sintering temperature increased with increasing sintering temperature and reached a nearly full density at 813 K. The relative densities of the compacts sintered for 420 and 900 s at the sintering temperature of 788 K were higher than that for 60 s. That is, the density of the compacts increases with increasing sintering temperature and time. Optical micrographs (OM) of the cross sections of these as-sintered samples are shown in Fig. 2 . The compact sintered for 60 s at 763 K has large pores as shown by black contrast in this figure. The size and fraction of the remaining pores in the compacts sintered for 60 s decreases with increasing sintering temperature (Fig. 2a,  b, and d) . Figure 3 shows the XRD patterns of these as-sintered compacts together with pattern of the glassy powder for comparison. The diffraction patterns of the samples sintered at the conditions of 763 K-60 s, 788 K-60 s and 788 K-420 s consist of a halo pattern, and no detectable diffraction peak of crystalline phase is seen, in agreement with the original glassy powder. However, the increase in the sintering time to 900 s at 788 K results in additional appearance of crystalline peaks which are identified as Fe 3 B phase. The diffraction pattern of the samples sintered at higher temperatures of 813 K-60 s consists of crystalline peaks of Fe 3 B phase. The DSC curves of these compacts sintered for 60 s at various temperatures are shown in Fig. 4 , together with the result of the glassy powder. Typical endothermic reaction due to glass transition as well as large exothermic peak due to crystallization are observed in the DSC curve of the glassy powder. The endothermic and exothermic reactions are also observed in the DSC curves of the samples sintered at 763 and 788 K. The heats of crystallization (ÁH x ) of the samples sintered at 763 and 788 K are about 4.1 kJ/mol and nearly the same as that of the glassy powder. However, no exothermic peak corresponding to crystallization is observed in the DSC curve of the sample sintered at 813 K. The DSC curves of the compacts sintered at 788 K for various sintering times are shown in Fig. 5 . The endothermic and exothermic reactions are also observed in the DSC curves of the samples sintered for 420 s, though the glass transition temperature, T g increases slightly and the crystallization temperature, T x decreases as compared with the case of 60 s. The ÁH x of the samples sintered for 420 s is nearly the same as that for 60 s. In the case of the sample sintered for 900 s, the endothermic reaction was not observed clearly and the first exothermic peak occurs at a lower temperature in the DSC curve. The ÁH x of the exothermic reaction is 2.8 kJ/mol and about 70% of the samples sintered for 60 s and 420 s. The first exothermic peak with the small ÁH x is thought to result from crystallization of the remaining glassy phase. The hysteresis J-H loop of the Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 bulk sample sintered for 420 s at 788 K is shown in Fig. 6 . The soft magnetic behavior is recognized for the as-sintered sample. In contrast, the hysteresis loop of the sample annealed for 600 s at 913 K indicates a hard magnetic characteristic. The similar change in magnetism from soft to hard type by annealing at 913 K was also recognized for the samples sintered at the other conditions. Magnetic properties of the samples sintered for 420 s at 788 K, followed by annealing at different temperatures are shown in Fig. 7 . These magnetic properties were measured both in parallel and perpendicular to the pressing direction. The properties measured in the direction perpendicular to the pressing direction are slightly better as compared with those of parallel direction. The difference between the measurement directions was observed for the samples sintered at the other temperatures as well. The remanence, B r , the coercivity, i H c and the maximum energy product, ðBHÞ max of the sample increase gradually with annealing temperature up to 913 K and then decrease with a further increase in annealing temperature, although the changes in respective properties are not so significant. Magnetic properties of the samples sintered at different conditions, followed by annealing for 600 s at 913 K are listed in Table 1 . These properties are measured in the direction perpendicular to the press direction. The highest values of B r , i H c and ðBHÞ max were obtained in the case of 788 K-420 s among the sintering conditions in the present study. The XRD pattern of the sample sintered at 788 K, followed by annealing for 600 s at 913 K is shown in Fig. 8 . The XRD pattern indicates many crystalline peaks and these are identified as -Fe, Fe 3 B and Nd 2 Fe 14 B phases.
Discussion
The density of the sintered compact increased with increasing sintering temperature and reached a nearly full value at around the glass transition temperature. This tendency is similar to the previously reported result on the consolidation of glassy alloy powders by SPS. 38, 39) However, glassy bulk with the highest density was obtained at around the crystallization temperature for the consolidation by hotpressing. 16, 41) The comparison indicates that the efficient densification by SPS can be obtained at lower temperature than that by hot-pressing. The densification by hot-pressing has been explained by the drastic decrease in viscosity at the temperature just below crystallization temperature. 37) In cases of SPS, the pulsation current is considered to cause micro discharge between powder particles and generated plasma by the micro discharge activates the powder surfaces. Efficient densification can be attained by such concentration of energy effective to the sintering at powder surfaces in spite of lower temperature in the whole of the compacts, although the detail on the sintering mechanism is not clear.
While the soft magnetic behavior was recognized for the as-sintered samples, the annealed samples indicated a hard magnetic characteristic. The crystalline peaks in the XRD pattern of the annealed sample were identified as -Fe, Fe 3 B and Nd 2 Fe 14 B phases as shown in Fig. 8 . Since the result is as the same as that of the melt-spun ribbon and cast rod samples, the change of the magnetism from soft to hard type in the consolidated samples can be explained by the same behavior as the ribbon samples.
The hard magnetic properties measured in perpendicular to the pressing direction were slightly higher as compared with those of the parallel direction. This difference may be caused by the shape factor of powders, since the glassy powders used for the consolidation were produced by mechanical crushing of melt-spun glassy alloy ribbons and hence had flaky shape. However, the difference in direction is small, and hence the magnetic properties of the samples should be concluded as rather isotropic.
The maximum value of ðBHÞ max in the present study was obtained for the sample sintered for 420 s at 788 K, followed by annealing at 913 K. This sample had the highest density among compacts keeping the glassy state. This result agrees with that of the bulk samples consolidated by the hotpressing. 41) It is therefore required that the consolidation of the glassy alloy powder is performed without crystallization. The magnetic properties of the best sample in the present study are 1.03 T for B r , 277 kA/m for i H c , and 83.1 kJ/m 3 for ðBHÞ max , respectively. These values are almost the same as that of the hot-pressed compact. 41) On the other hand, the magnetic properties of the cast glassy Fe 67 Co 9:4 Nd 3:1 Dy 0:5 B 20 rod annealed at 913 K were reported to be 1.19 T for B r , 244 kA/m for i H c , and 92.7 kJ/m 3 for ðBHÞ max , respectively. 31) While the B r and ðBHÞ max of the consolidated sample are lower than those of the cast rod, it is noticed that the i H c is higher. The difference in the magnetic properties between the consolidated compact and the cast rod results from the additional thermal history due to the consolidation, in addition to some defects such as pores and powder interfaces in the structures which are formed by the powder consolidation processing. Although the tendency of magnetic properties in the consolidated compacts is different from that of the cast rods, the magnetic properties sintered for 420 s at 788 K appear to approach the level of the cast rods.
The magnetic properties is compared with that of commercial Nd 2 Fe 14 B type products with isotropic properties 42) in Table 2 . The B r of the present sample is higher than that of commercial products, while the i H c is lower. This reason is considered to be due to the lower content of Nd and higher B in the present sample. The ðBHÞ max of the present sample is lower than that of hot-pressed commercial products. However, it should be noticed that the sintering temperature of the present SPS sample is much lower due to the glass transition than those hot-pressing temperatures above 1000 K. The ðBHÞ max of the present sample is situated at the highest level in bonded commercial products. Although the sintering temperature of the present SPS sample is higher than pressing temperatures of bonded powders, the present sample can be consolidated without bonding materials, which is also the significant advantage of glassy alloy powders.
Conclusions
We have tried to consolidate the Fe 67 Co 9:5 Nd 3 Dy 0:5 B 20 glassy powders using the SPS technique at around the glass transition temperature for the production of hard magnetic bulk materials with a nanocomposite structure. The results obtained in this study are summarized as follows.
1) The glassy powders can be consolidated into bulk forms with the relative densities above 97% by the sintering at 788 K and over. 2) The sample sintered for 720 s at 788 K still keeps a glassy single phase. The increase in the sintering temperature and time causes crystallization and the formation of Fe 3 B phase.
3) The as-pressed samples exhibit soft magnetic characteristics. The soft magnetism is changed to hard type by annealing. Fe 3 B, -Fe and Nd 2 Fe 14 B phases are formed in the annealed sample. 4) The remanence, coercivity and maximum energy product for the compact sintered for 420 s at 788 K, followed by annealing for 600 s at 913 K are 1.03 T, 277 kA/m and 83.1 kJ/m 3 , respectively.
